Rice is the major staple food in most Asian countries. However, with rapidly growing populations, sustained high productivity and yields through improving water productivity is critically important. Increasingly complex energy-agriculture relationships require an in-depth understanding of water and energy tradeoffs. This study contributes to energy and food policies by analysing the complex energy, water and economics dynamics across a selection of major rice growing countries.
Introduction
Rice is not only a staple food on a global scale, but also constitutes the major economic activity and a key source of employment and income for rural populations. Some 75% of the world's annual rice production is harvested from 79 million ha of irrigated lowland rice, mainly in Asia where it accounts for 40-46% of the net irrigated area of all crops (Dawe, 2005) . Since the Green Revolution of the 1960s, the combination of new high yielding rice varieties has resulted in the dramatic and sustained increase in rice production. This increased productivity and profitability also contributed to enhanced food security and less poverty among farmers with irrigated land (Dawe, 2000) .
Rice is one of the largest users of the world's developed freshwater resources (Tuong and Bouman, 2003) . Bouman et al. (2007) estimated that 34-43% of the total   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 world's irrigation water is used in rice production. However, increasing water scarcity, maintenance of aging irrigation systems, and increased competition for water from other sectors, and the low water productivity of rice relative to other cereal crops (Tuong et al. 2005) means that the sustainability of rice is under threat (Rijsberman, 2006) . The strong interdependence between water use in rice production and the operation of irrigation facilities for water services highlights the need for improving the performance of rice production systems (Bhuyan, 1996) with Rijsberman (2006) advocating that water scarcity can be addressed through improved water productivity.
Increasing water productivity not only requires improved water management practices and the conversion of gravity-fed irrigation to pressurised systems, but also the heavy reliance on other production inputs such as fertilizers, pesticides, and labour-saving, energy-intensive farm machinery. However, modern production practices rely heavily upon these inputs that has led to a dramatic increase in fossil fuel use, and raised many concerns over sustainable use of energy resources (Deike et al., 2008; Hülsbergen et al., 2001) . Pimentel et al. (1973; 2002 a, b) , Naylor, (1996) and Deike et al. (2008) have warned that dependency on fossil-fuels would be a potential threat to the growth and stability of world food production.
Issues of declining reliability of water supply as a result of climate change and climate variability, increasing costs of water availability such as high groundwater pumping costs due to high fuel prices, coupled with rising costs of modern farm inputs are influencing farmer's income (Pimentel et al., 2002b; Bhuyan, 2004) . For example, delivering the 10 Ml of water needed by 1 hectare of irrigated corn from surface water sources requires the expenditure of about 880 kWh of fossil fuel (Batty and Keller, 1980) . In contrast, when groundwater is pumped from a depth of 100 m to irrigate the same 1 ha corn crop, the energy cost increases to 28,500 kWh or more than 32 times the cost of surface water (Gleick et al., 2002) . Singh et al. (2002) found that in an arid zone farming systems in India,, irrigation always consumed the majority of on-farm energy. They suggested that the energy-intensive demands of various crops should be factored into management decisions when determining the most appropriate crops for a given production system.
With declining fossil fuel reserves, increasing farm costs, and the changing reliability of water supply, it is important that long term planning for irrigated rice recognises that current and future production practices will be challenged. Efficient uses of water and energy resources are vital for increased yield from rice production, enhanced competitiveness as well as environmental sustainability. The need to increase water-dependent rice production and reduce dependency on energy resources, demands a better understanding of water and energy use patterns in highinput farming systems (Ozkan et al., 2004) . This paper contributes to food and energy policies by comparing energy, water and economic efficiencies of rice production in selected developing and developed countries where rice production is a significant farming enterprise.
Energy and Rice Production
Energy is an essential component of any agricultural system, whether the source is human, animal or mechanical. All phases of rice production require energy:
when ploughing, applying fertilizers and pesticides, planting, watering, crop cultivation, harvesting, food processing, and transport (Chauhan et al., 2005; Mandal et al., 2002) . Energy consumption in agriculture is directly related to the development of technology and the level of production from a system (Hatirli et al., 2006; 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 al., 2004). Ancient subsistence rice cultivation practices involved low energy inputs through scattering of seed resulting in meagre yields. In contrast, modern, marketdriven rice production practices, require precision techniques involving high energy inputs such as large quantities of fossil fuels to achieve substantially improved yields (Stout, 1990) . In developed countries, where higher levels of mechanisation exist, the dependence on fossil fuels is even greater. However, spiralling fuel prices has necessitated a more careful and sustainable approach to energy management in modern rice cultivation practices.
Energy requirements in rice production are divided into two groups: direct and indirect (Schnepf, 2004; Pimental et al., 2002a,b) . Direct energy is required to perform various tasks in crop production processes such as land preparation, irrigation, threshing, harvesting and transportation of farm produce. Indirect energy, on the other hand, is used in the manufacture, packaging and transport of fertilizers, pesticides and farm machinery (Pimental, 1992; Pimental et al., 2002b) .
Energy inputs can be classified as commercial and non-commercial.
Commercial energy is produced externally from the farm and includes electricity, diesel, fertilizer and other agro-chemicals, machinery and high yielding seed varieties.
Non-commercial energy is self-generated and includes human labour, animals, farmyard manure (FYM) and home-grown seeds (Stout, 1990) .
Methodology

Energy Use Efficiency
Each agricultural input and output has its own energy values. For this study,
we consider all farm inputs including machinery, seeds, agrochemicals (fertilisers, insecticides, herbicides, fungicides and molluscidies), fuels, farm yard manure, and 6 human and animal labours. Similarly, we consider energy outputs from rice and straw.
We collected the data in terms of physical units, which were then converted into energy units for the analysis using standard energy coefficients. Analysis of energy coefficients are based on energy equivalents available in the literature (Thakur and Makan, 1997; Mandal et al., 2002; Canakci et al., 2005; Hatirli et al., 2006) and their equivalents are presented in Table 1 . The energy values used in this paper are the dietary energy value of agricultural output relative to the fossil energy expended to obtain it (Bonny, 1993) . Finally, energy from all agricultural inputs and outputs was summed to obtain the total energy input and output. 
where, total energy input is the sum of all individual energy inputs (in kWh) such as human energy, tractor energy, energy through fertilizer, chemicals, seed, farm yards manure and irrigation. Similarly, the total energy output includes the energy obtained from grain production and by-products such as straw. 
Economic Efficiency
Economic efficiency occurs when scarce resources are allocated and used such that net returns (gross returns minus costs) are maximised (Barker et al., 2003) . The net return of rice production is calculated as gross returns minus the cost of all variable inputs, which includes the cost of irrigation, seed, fertilizer, chemical, and labour. Water productivity ($/m 3 ) measured in 'economic' terms, is the gross return divided by the amount of the irrigation water supplied to rice.
The economic efficiency of rice production was estimated as follows:
Water productivity Economics
where, the BCR is the sum of the benefits ($) divided by the sum of the costs ($). If the ratio is greater than one, then the project is viable.
Water Use Efficiency
Water productivity (WP) is one of the key indicators of water use efficiency (Molden, 1997; Molden and Sakthivadivel, 1999) . In this study, we define WP as the ratio of yield (kg) to the volume of applied irrigation water supplied (m 3 ). Among the 8 countries used in this study, China, on average over the past decade, has the highest land area dedicated to rice production, followed by Indonesia and Myanmar; with developing countries dominating the total proportion of land area devoted to rice production (97.5%) ( Table 2) . 
Results
Crop Productivity
Despite being the staple food for most Asian countries, rice yields remain low compared to other cereal crops. However, countries such as China and the Philippines have managed to achieve significant yield increases, due to substantial usage of fertilisers and high yielding varieties of rice. Figure 1 presents a brief comparison of rice yields from the selected developing and developed countries used in this study.
The details of total input used in rice production are given in Table 3 . Statistically, there is little difference in rice yield using either canal or tubewell irrigation.
However, irrigated rice yield is almost 1.8 times higher than rainfed yield. Australia has the highest irrigated rice yield (9,500 kg/ha) while Pakistan has the lowest yield (2,491 kg/ha).
Energy Productivity
The energy-agriculture relationship is becoming increasingly important as the growing reliance on fossil fuels continues unabated with continued intensification of cropping systems such as in rice production. Tradeoffs exist between yield and energy inputs ( Figure 2) as energy consumption is directly related to the development of technology and the level of production.
The total energy inputs and outputs for rice under various irrigation systems in a selection of developing and developed countries is shown in Figure 3 , with the specific details of the energy inputs and outputs being presented in Table 4 . Overall, indirect energy in the form of fertilisers and chemicals constitutes a major portion of total energy input. However, in the case of tubewell irrigation, direct energy was the 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 major contributor to total energy inputs (Table 4) . The average energy input use (7,112 kWh) in the selected developed countries is 1.2 times greater than the energy inputs (6,047 kWh) in the selected developing countries. This is due to high energy inputs such as chemical fertiliser, pesticides and insecticides. Similarly, the energy outputs and thus energy productivity in the selected developed countries are 1.82 times higher than the developing countries indicating that energy productivity, relative to all energy inputs, is higher in the selected developed countries than the selected developing countries.
Irrigation (both canal and tubewell) requires significant expenditure of fossil energy both for pumping and for delivering water to crops. On average, the amount of energy consumed in irrigated rice production (6,993 KWh) is two times higher than rainfed rice (3,531 kWh), while tubewell irrigation used 25% more energy than canal irrigation. Hodges et al. (1994) estimated that 15% of the annual total energy expended for all crop production is used to pump irrigation water. The large quantities of energy required to pump irrigation water are significant considerations both from the standpoint of energy and water resource management.
The energy efficiency indicators -energy ratio, specific energy, and energy productivity -varied with rice irrigation system (Figure 4) , and selected developed and developing countries ( Figure 5 ). The average of energy ratio (9.5) and energy productivity (1.17) of rainfed rice is significantly higher than the average energy ratio (5.7) and energy productivity (0.6) of tubewell ( Figure 5 ). This is mainly due to higher energy inputs used in pumping. However, there was not much difference in average energy ratio and energy productivity between rainfed and canal irrigation ( Figure 5) . Furthermore, the tubewell irrigation of rice shows high average specific energy (1.8) as compared with canal irrigation (1.2) and rainfed rice (1.0). 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 The comparison between the selected developed and developing countries indicates higher energy ratios and higher energy productivity in developed countries ( Figure 5 ). This reflects changes in technology and farm management that economised on energy, the adoption of conservation tillage; a switch to larger, multifunctional machines; the transition to more efficient methods of irrigation and less energy-intensive methods of fertilizer production. However, the specific energy for rice production using tubewell and canal irrigation was higher in developing countries than the selected developed countries ( Figure 5 ).
Despite these efficiency gains, energy use in the selected developed countries is still high. This is because increased farm mechanisation in developed countries requires significant energy usage at particular stages of the rice production cycle to achieve optimum yields.
Economic Efficiency in Rice Production
Economic efficiency not only guides investment about what crops to grow but also the decisions about the quantity of input needed. The net return per ha and benefit costs analysis (BCA) of rice production are shown in Figure 6 and 7 with details of the input and output costs given in Table 5 . Net return varied significantly between countries. Overall, rice production shows positive net returns for all selected countries (Table 5 and Figure 6) . Similarly, the BCA of all the selected countries was greater than one, indicating rice profitability: Australia has the highest net returns ($1,397/ha) while Myanmar has the lowest ($89/ha).
Rice grown using canal irrigation ($490/ha) shows 11% higher net returns when compared with tubewell ($442/ha), and 182% higher returns when compared with rainfed rice ($174/ha). Similarly, the selected developed countries, on average, realised over 200% higher economic returns ($1029/ha) compared to the selected developing countries ($317/ha).
The water productivity of rice when measured in economic terms did not show a significant difference between the countries, and between the given rice irrigation system (Figure 8 ). However, Australia has the highest water productivity economics (0.2 kg/m 3 ), despite the relatively high water usage in a climate of highly variable water regimes, resulted in higher yields, while the lowest water productivity economics (0.1 kg/m 3 ) was found in Nepal (Figure 8 ).
Water productivity
Water productivity of rice between the selected countries is shown in Figure 9 .
China has the highest water productivity both for canal (1.21 kg/m 3 ) and tubewell (1.32 kg/m 3 ) irrigation. This is because of the adoption of water-saving irrigation practices, in particular alternate wetting and drying (AWD) (Bouman et al., 2007; Cabangon et al., 2004) . The basic feature of the AWD method is to irrigate so that the soil alternates between periods of standing water and damp or dry soil conditions from 30 days after crop establishment up to harvesting (Moya et al., 2004) . In general, rice grown on tubewell has higher water productivity (0.95 kg/m 3 ) than canal irrigation (0.84 kg/m 3 ), due to more timely and flexible water supply, which not only helped in reducing the irrigation water quantity but also increased yield (Figure 9 ).
The high water productivity of rice in China, attributed to different watersaving irrigation practices, especially AWD irrigation practices, highlight the important opportunities available for both developed and developing countries to increase water productivity whilst reducing water and energy inputs. 2004) that AWD irrigation practices save 5-30% of water without adversely affecting yields. The water saving would result in decreased pumping costs, reduced energy inputs and ultimately an increase in profits.
Discussion
Global rice production has more than doubled during the past 50 years.
However, gains in yield have come at a considerable cost in terms of increased input use and energy consumption, as well as the depreciation of natural resource stocks.
Rice is generally grown using the transplanting of seedlings under puddled field conditions. It requires huge amounts of input energy for the growing of seedlings, transplanting, puddling, and irrigation. Advances in agricultural technologies have seen rice yield and the use of energy resources markedly increase. Thus, the energyyield relationship is becoming more and more important with enhanced mechanisation and agricultural intensification: considered to be the only means of raising agricultural output in land-limited situations.
Results show tradeoffs between yield and energy input uses with higher yields attributed to higher levels of input energy. Inputs such as fuel, electricity, machinery, seed, fertilizer and chemical take a significant share of the energy supplies needed in modern agricultural production systems, especially in rice production. The selected developed countries used in this study have higher energy productivity relative to all energy inputs compared to the selected developing counties, due to improvements in farm technology and farm management. China has the highest water productivity because of water-saving irrigation practices. Water saving irrigation practices offer opportunities for developed and developing countries to increase water productivity 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 while at the same time capturing the economic and energy benefits of reduced pumping.
While greater water productivity will almost certainly be necessary to reduce the negative impacts of future water scarcity, it is important to keep in mind the distinction between energy and water productivity tradeoffs. Increasing water productivity in some instances does not necessarily result in increased benefits to society. For example, interventions may raise water productivity only at the expense of using other scarce resources and increasing greenhouse gases such as fossil fuels, with the net effect being a reduction in economic efficiency.
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